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Bacteria sense and respond to their environment, enabling adaptation to diverse niches, including
multicellular eukaryotes. In this issue ofCell Host &Microbe, Torres et al. describe how the bacterium
Staphylococcus aureus responds to heme as a molecular marker of the mammalian host environ-
ment. It is likely that mechanisms for sensing such markers evolved from systems that recognized
cues present in microbial communities before the emergence of eukaryotes.Bacteria have multiple environmental
sensing systems that allow for rapid
alterations in gene expression and
protein function. Often, the receptor-
ligand complex functions directly as a
transcriptional activator or repressor,
representing a relatively simple system
of gene regulation. Bacteria also have
more complex systems for sensing
and signaling that use phosphotransfer
steps to regulate gene transcription.
These systems have been termed
two-component systems, because they
comprise a sensor histidine kinase
(the first component), which phos-
phorylates a transcriptional activator
(the second component) to activate
gene expression. Many of the sensor
kinases are transmembrane proteins
with extracellular domains for the
recognition of molecules in the envi-
ronment, as opposed to the cell cyto-
plasm. Individual bacterial genomes
can encode few to hundreds of such
two-component systems. The diver-
sity of sensing systems reflects the
complexity of environmental adapta-
tion required for specific microbial life-
styles, such as interacting with other
organisms, includingmammalianhosts.
Essential for the evolution of pa-
thogenic microbial relationships with
eukaryotes was the development of
coordinated gene expression in re-
sponse to environmental sensing.
Bacteria must regulate the production
and secretion of toxins and other viru-
lence factors temporally and spatiallyduring infection to evade host immune
functions, and to enable colonization
and sometimes invasion of host tis-
sues (Miller et al., 1989). The evidence
for this regulation is that mutations
affecting virulence regulatory systems,
leading to either loss or constitutive
activity, attenuate bacterial virulence
for animal infections (Ackerley et al.,
1995; Mekalanos, 1992; Miller and
Mekalanos, 1990). Thus, it is likely
that microbes couple the recognition
of mammalian ‘‘signatures’’ with the
regulation of virulence properties.
The first demonstration of environ-
mental regulation of a virulence factor
was Pappenheimer’s demonstration
in the 1930s that the expression of
diphtheria toxin by Corynebacteria
was elevated in low-iron growth me-
dium (Pappenheimer, 1993). Since it
was likely that iron was limited in host
tissues in the pharynx, where these or-
ganisms colonize and cause disease,
this led to the notion that virulence fac-
tors would be expressed specifically in
response to host tissue environments.
This finding proved to be of enormous
practical value, as it enabled the pro-
duction of sufficient quantities of diph-
theria vaccine for Allied troops during
World War II. The implications of this
discovery for microbial pathogenesis
were dramatically advanced in the
1980s bymany researchers, most pro-
minently by Stanley Falkow and John
Mekalanos and their collaborators,
who identified a number of regulatoryCell Host & Micmechanisms, including two-component
systems, that were required for patho-
genesis of animals by a variety of
bacteria including Bordetella pertussis
and Vibrio cholerae (Mekalanos, 1992;
Miller et al., 1989). In these studies,
similar to what Pappenheimer found,
specific conditions—temperatures; the
concentrations of ions, including pro-
tons, iron, calcium, sulfate, and mag-
nesium; or nutrient sources, including
specific carbon and nitrogen sub-
strates—altered the responses of bac-
terial regulatory proteins. These condi-
tions could be viewed as simulating
mammalian environments, though not
all conditions identified were consistent
with knownmammalian environments.
It was also plausible that bacteria iden-
tified specific animal environments by
integrating multiple sequential envi-
ronmental cues, such as ionic concen-
trations and temperature. Concurrently,
plant pathogens were shown to regu-
late virulence properties in response
to specific plant molecules present in
damaged tissues, further suggesting
that equivalent ‘‘signatures’’ for animal
pathogens existed (Bolton et al., 1986;
Peters and Long, 1988). However,
since the precise definition of mam-
malian tissue environments, including
the identification and quantification of
individual molecules, is technically
difficult, proof of unique animal ‘‘signa-
tures’’ was not easy to obtain.
One direct approach to sidestep
these technical issues is to studyrobe 1, April 2007 ª2007 Elsevier Inc. 85
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A model of heme sensing within microbial communities (left) and by the Hss system in eukaryotic hosts (right) is shown.purified bacterial sensor proteins, ei-
ther the activation of such proteins re-
constituted into lipid bilayers or the in-
teractions of purified binding domains
with individual candidate mammalian
molecules. Recently these techniques
have been applied to study the impor-
tant virulence determinant of Salmo-
nella typhimurium, the histidine kinase
PhoQ. PhoQ was shown to act as a di-
rect sensor for both cationic antimicro-
bial peptides (produced by diverse
species of plants and animals, and
serving a wide variety of roles in innate
immunity) and low pH (a characteristic
of the phagosome environment in
which Salmonellae persist in vivo)
(Bader et al., 2005; unpublished data).
These results suggest that PhoQ could
modulate virulence in vivo through
recognition of a combination of spe-
cific mammalian conditions. PhoQ may
have evolved from an ancestral re-
ceptor that detected the presence of
soil bacteria producing antimicrobial
peptides (such as polymyxin) and that
triggered a protective response.
In this issue of Cell Host & Microbe,
Torres et al. provide evidence that
another molecule could represent a
mammalian environment ‘‘signature’’
used by Gram-positive bacteria: heme
(Torres et al., 2007). In this work, the
authors nicely demonstrate that a86 Cell Host & Microbe 1, April 2007 ª20two-component system encoded by
Staphylococcus aureus (termed the
heme sensor system or Hss) positively
regulates the expression of a heme
transporter in response to extracellular
heme, hemoglobin, or blood. Hemes
are a closely related family of mole-
cules, each consisting of a porphyrin
complexed to a ferrous ion. They are
essential components of microbial
physiology and are produced by bac-
teria as well as scavenged by them.
Microbes commonly obtain iron by
taking up environmental heme and
degrading the porphyrin. However,
heme in the absence of a binding
protein can be quite toxic, prodigiously
generating reactive oxygen species;
hence, intracellular concentrations of
heme are tightly regulated, apparently
with the help of the Hss-regulated iron
exporter systemHrt. HssS is predicted
by homology to be a histidine kinase,
with a surface domain that could di-
rectly bind heme (see Figure 1). While
the findings of Torres et al. strongly
implicate this protein in sensing heme,
either directly or indirectly, it remains
to be determined if HssS binds heme,
and if the HssS extracytoplasmic do-
main is essential for heme sensing.
Previous work had demonstrated
that the presence of functioning heme
acquisition systems was required for07 Elsevier Inc.full virulence formammals byS. aureus
(Skaar et al., 2004), a Gram-positive
bacterium that colonizes the skin and
nares in many humans and is among
the most common and virulent oppor-
tunistic pathogens of humans. In the
current work, Torres et al. provide evi-
dence that bacterial heme sensing can
regulate virulence, demonstrating that
mutation of hss derepressed expres-
sion of a variety of secreted immuno-
modulatory virulence factors. While
the regulatory consequences for
S. aureusof exposure to different heme
concentrations are not yet known, it is
enticing to hypothesize that S. aureus
in the vicinity of a wound with abun-
dant heme would moderate the ex-
pression of virulence factors. Mamma-
lian hosts usually sequester iron via
specific proteins during infections,
and the presence of abundant heme
may thus serve as a signal of an en-
vironment particularly permissive for
bacterial growth, such as tissues natu-
rally rich in hemoglobin or myoglobin
or with lysed cells liberating heme.
Such a heme-rich organ or fluid could
serve as an effective nidus (or locus
minoris resistentiae) for infection by
allowing S. aureus to grow locally and
to enter the bloodstream and dissemi-
nate to distal body sites. Furthermore,
heme sensing by S. aureus could
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additional heme (and other nutrients)
by modulating the expression of viru-
lence factors involved in animal tissue
necrosis or degradation.
Heme may seem an unlikely candi-
date for a specific molecular marker
of a mammalian environment. Hemes
are nearly ubiquitous among organ-
isms in all kingdoms, serving as cofac-
tors in proteins with various cellular
functions relevant to redox, such as
storing oxygen, producing peroxides,
and passing electrons to acceptor
molecules. While the heme porphyrin
ring can be modified with various
side chains, the majority of heme
structures are identical across diverse
species, from mammals to most bac-
teria. Thus, it may be heme concentra-
tion, and not simply its presence, that
serves as an important signal of a
mammalian tissue permissive for in-
fection, unlike the environmental mi-
lieu of many bacteria. The fact that
heme structures are generally wellAntibodies to We
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enhance viral infection. In this is
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potential therapeutic use of antib
West Nile virus (WNV), a mosquito-
borne flavivirus that has recently
spread to the Americas, causes a
febrile illness that can lead to lethal
encephalitis, particularly among infants,
the elderly, and the immunocompro-conserved raises the possibility that
heme recognition originally existed
either as a mechanism for locating
rich sources of iron (and in an easily
assimilated form) in iron-poor environ-
ments, as a way to locate other cells,
or both, eventually evolving into a
mechanism for recognition of eukary-
otic host environments (see Figure 1).
In this sense, heme can be viewed as
analogous to antimicrobial peptides,
which are also produced by very di-
verse organisms, and which are spe-
cifically recognized by bacteria, with
consequent regulation of virulence
properties (Bader et al., 2005).
The work presented here by Torres
et al. implicates heme as a key coordi-
nate regulator of Gram-positive bacte-
rial virulence, in particular because Hss
is so well conserved among diverse
Gram-positive bacteria. This study pro-
vides amplemotivation for further defin-
ing the biochemical properties of the
Hss sensor kinase, as well as its role
in microbial physiology and virulence.st Nile Virus:
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mised. Animal model studies show
that antibodies are crucial in host pro-
tection against WNV, and there is a
strong correlation between antibody-
mediated protection in vivo and
neutralization in vitro. However, anti-
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